Jármai,K., Farkas,J., Uys,P.: Optimum design and cost calculation of a simple frame with welded optimised to minimize the structural mass subject to the design constraints for both a flush-endplate bolted (semi-rigid) structure and a welded (rigid) structure. For the specific numerical case considered the structure is subject to a horizontal force and a uniformly distributed vertical load.
Introduction
Steel frames can be constructed using either welded or bolted connections. Welded joints are rigid, while the behaviour of bolted joints is semi-rigid, since the local displacements of joint components cause an additional angle deformation of corner connections. The rigidity of a beam-to-column frame connection is characterized by the diagram bending moment versus angle deformation as given in [1] . According to [2] welded connections generally fulfil the requirements for rigid rotational stiffness.
The additional rotations affect the bending moments, normal and shear forces in frame members and the frame stability. Thus, this effect should be taken into account in the frame optimization as well.
In a previous study [3, 4] the cost differences between welded and bolted beam-to-column connections were shown and also how the economics of structures are influenced by the differences in bending moments and shear forces. The aim of the present study is to investigate these differences in the case of a simple planar sway frame and also to determine the optimum design of the frame in the case of welded as well as bolted connections. This is a relevant issue since single story sway frames constitute the basic buildings units of structures such as warehouses, portal cranes, supporting frames for pressure vessels, vehicle structures.
The optimum design of frames with semi-rigid joints has been dealt with by several authors e.g. AlSalloum & Almusallam [5] , Simões [6] , Kameshki & Saka [7] . The difficulty of the optimization is that the additional angle deformation depends on many parameters (such as the type of bolted connection, elongation of bolts and local displacements of plate elements of connected profiles).
Thus, the bending moments depend on unknown profile dimensions. To ease the optimization procedure the guess formula for the joint stiffness proposed by Steenhuis et al. [8] is used here.
Another problem is that available rolled I-section rods have to be used. These present a discrete range of profiles which are listed by manufacturers in tabulated form, e.g. universal beams (UB) and columns (UC) (as given by ARBED catalogue of structural shapes [9] ). The characteristics of these profiles (cross-sectional area, moments of inertia etc.) depend on main section dimensions and it is difficult to calculate them as simple functions, which is required for optimization purposes. For this reason approximate functions determined by curve-fitting selection using only one variable (profile height) are used.
The optimization of a welded as well as a bolted frame is performed using the structural volume as objective function to be minimized, and the costs are calculated and compared to each other. British and South-African cost data are used.
Forces and bending moments in the frame
We investigate a one-storey one-bay sway (unbraced) frame shown in Figure 1 . loaded by a uniformly distributed vertical load of intensity p and a concentrated horizontal force F. The corner bending moment Mp (Fig.2) is derived from an angle deformation equation as follows.
The angle deformation of the beam due to load p (Fig.3) is
and due to the bending moments
where E is the elastic modulus and I2 is the moment of inertia of the beam section. The angle deformation of the column end due to the bending moment Mp and reactive force Np2 = 3Mp/(2H) is
where I1 is the moment of inertia of the column section. The angle deformation equation, considering the angle difference caused by the semi-rigid connection of stiffness Sj , is 
Note that for welded (rigid) joints Sj →∞ and the third member in the denominator becomes zero.
Figure 2. Diagrams of bending moments and axial forces Similarly, the corner bending moments due to the horizontal force F (Fig.4) can be calculated considering the following angle deformation in the beam due to MF (Fig.5 ):
and the angle deformations of the column top due to F/2 and MF are (9)
Figure 5. Angle deformations of the beam due to horizontal force F. Bending moment and horizontal forces acting on the columns in the case of the horizontal load F
Design constraints
The columns and the beam are loaded by bending and an axial force. Since rolled I-section rods are used, these should fulfil the constraints on combined bending and compression to avoid overall flexural and torsional buckling as well as lateral-torsional buckling. These stress constraints are formulated according to Eurocode 3 (2002) (EC3) [10] .
Bending and axial compression constraint of the column CD
The buckling constraint about the y-axis (Fig.3 ) requires that:
and for buckling about z-axis
, fy is the yield stress, 1 M  is the partial safety factor.
The compression force is
and the bending moment is calculated as
The overall buckling factor for the y-axis is 2 1
where
and
According to Steenhuis et al. [8] the joint stiffness for a bolted joint with a flush end plate and cover plate ( Fig.6 ) can be approximated by the following formula
where tfc is the column flange thickness and z is the arm of the bending forces in the joint, which is approximately equal to the web height, z = 0.55h2. 
where kyy1 parameter considers the secondary effects, the interaction between compression and bending. 
The overall buckling factor for z-axis is  should be used.
Bending and axial compression of the beam BC
Similarly to Eqs (10) and (11) the stress constraints are as follows These values are given in tabulated form for available UB and UC series produced by ARBED [9] .
To ease the calculations, we have used approximate functions expressing the above characteristics in the function of section height h. To illustrate these approximate functions, the selected UB profiles are given in Table 1 
Optimization characteristics and results
The objective function to be minimized is the structural volume
The design constraints are described in Section 3. The unknown variables are the heights of column and beam rolled I-sections h1 and h2.
The Rosenbrock hillclimb algorithm [11] has been applied to find the optimum column and beam profiles, which minimize the volume (weight) and fulfil the design constraints. 
British cost data
The optimum design results in the following optimal British profiles:
Bolted version: columns UC203x203x52 beam UB406x178x54
Welded version: columns UC203x203x86 beam UB406x178x54
The moment capacity of the bolted connection is 162 kNm [12] , while the calculated bending moment in corner C is 76 kNm.
Costs of the frame with bolted connections:
Material 
South African cost data
Tables 2-4 show the details of the cost calculation. 
Conclusion
The detailed cost calculations show that according to British data, the bolted connection is 7%
cheaper than the welded one. This difference has two components: the difference between material costs and the difference between fabrication costs.
According to the South African data, the bolted connection is about 14% cheaper than the welded one. The material cost is however more expensive and manufacturing is cheaper than the British costs.
It can be concluded that the bolted connections are more economic than the fully welded ones. The calculation is very sensitive to the given data concerning the manufacturing times. These data are different in various companies and countries as well. The scatter can be relatively large between solutions, but making the calculation for a given frame using actual time and cost data, one can get the result and can choose the type of connection.
Since the rotational stiffness of semi-rigid bolted connections is smaller than that of welded ones, the maximum bending moment in an unbraced frame structure is smaller and the beam section can be smaller. The difference between the fabrication costs is significant as well. The disadvantage of bolted connections is the very complicated calculation of rotational stiffness. This causes difficulties in the optimum design of frames with semi-rigid beam-to-column connections.
Fabricators prefer welded connections if they are fabricated in workshop, on the other hand, on site, bolted joints are usually cheaper. 
